The nasal mucosa provides a potentially good route for local and systemic drug delivery. 2 However, the protective feature of the nasal cavity make intranasal delivery challenging. The 3 application of mucoadhesive polymers in nasal drug delivery systems enhances the retention of 4 the dosage form in the nasal cavity. Several groups have investigated using low acyl gellan as a 5 drug delivery vehicle but only limited research however, has been performed on high acyl gellan 6 for this purpose, despite its properties being more conducive to mucoadhesion. High acyl gellan 7 produces highly elastic gels below 60 °C which make it difficult to spray using a mechanical 8 spray device. Therefore, in this study we have tried to address this problem by making fluid gels 9 by introducing a shear force during gelation of the gellan polymer. These fluid gel systems 10 contain gelled micro-particles suspended in a solution of un-gelled polymer. These systems can 11 therefore behave as pourable viscoelastic fluids. In this study we have investigated the 12 rheological behavior and mucoadhesion of fluid gels of two different types of gellan (high and 13 low acyl) and fluid gels prepared from blends of high and low acyl gellan at a 50:50 ratio. The 14 results demonstrated that by preparing fluid gels of high acyl gellan, the rheological properties 15 were sufficient to spray through a standard nasal spray device. Moreover fluid gels also 16 significantly enhance both high acyl and low acyl gellan mucoadhesion properties. 17 18
Introduction

19
Liquid nasal sprays are useful dosage forms for local and systemic delivery, but often suffer 20 from poor retention, dripping out of the nose or down the back of the throat, which leads to 21 reduced bioavailability (Jansson et al., 2005) . Many ways have been introduced to address this 22 problem; one such way is by formulating nasal sprays that contain polymers which are 23 mucoadhesive. These polymers possess suitable rheological properties that enable them to flow 24 during administration and then to adhere to mucosal tissue, consequently increasing the 25 residence time and improving bioavailability. A complete understanding of the mucoadhesion 26 mechanism is not fully understood. It is generally accepted however, that inter-diffusion and 27 interpenetration take place between the chains of the mucoadhesive polymer and mucus gel 28 network, which creates sufficient contact for entanglement. Secondary chemical bonds are then 29 formed between the polymer chains and mucin molecules (Hägerstrom et al., 2003) . Several 30 polysaccharides have been widely investigated as mucoadhesive polymers due to their intrinsic 31 physicochemical properties that facilitate mucoadhesion such as hydrophilicity, numerous 32 hydrogen bonding functional groups and viscoelastic properties when hydrated. Gellan gum is a 33 bacterial exo-polysaccharide produced by the bacteria Sphingomonas elodea (Sworn et al., 1995; 34 Gibson and Sanderson, 1990) and is a linear tetrasaccharide repeat unit consisting of → 4)-l- 35 rhamnopyranosyl-(α-1 → 3)-d-glucopyranosyl-(β-1 → 4)-d-glucuronopyranosyl-(β-1 → 4)-d- 36 glucopyranosyl-(β-1 → (Morris et al., 2012) . Gellan gum is a promising polymer for use in 37 nasal formulations because of its ability to form a gel in situ on exposure to physiological 38 concentrations of cations (Mahdi et al., 2014) . Typically, ion concentrations required to gel 39 gellan are in the region of 100 mM for monovalent cations and 5 mM for divalent cation 40 however the strength of the gels produced depend on the concentration of gellan (Morris et al 41 2012). The native polymer is high acyl gellan (HA) which contains O-5-acetyl and O-2-glyceryl 42 groups on the (1→3)-linked glucose residue ( Figure 1A ). When exposed to alkaline media at 43 high temperatures, both acyl groups are hydrolyzed and the deacylated form, low acyl gellan 44 (LA), is obtained ( Figure 1B) (Mao et al., 2000) . The resulting texture of HA and LA gellan 45 gum gels are very different, and can be considered to be at the opposite ends of the textural 46 spectrum for hydrogels, with LA gellan forming hard but brittle gels and HA gellan forming soft, 47 elastic gels. By varying the ratio of HA:LA gellan gum, a diverse range of textures can be 48 obtained. The properties of blends of HA and LA gellan are intermediate between that of high 49 and low acyl gellan and it is possible to obtain textures close to those of other hydrocolloids such 50 as xanthan gum, locust bean gum and alginate (Sworn, 2009 ). 51 Bacon et al., (2000) , investigated using LA gellan gum for an in situ intranasal formulation to 52 deliver influenza vaccine. Jansson et al., (2005) reported that LA gellan can enhance epithelial 53 uptake of high molecular weight fluorescein dextran. In addition, in vivo studies confirmed 54 gellan gum to be nonirritant and not toxic to the epithelial tissue even for a prolonged period of 55 time (Cao et al., 2009; Mahajan and Gattani, 2009) and these gellan formulations retained stable 56 over 6 months (Cao et al 2009; Belgamwar et al., 2009) . Recently researchers have looked to 57 develop such dosage forms using micro-particle and liquid nasal formulations (Cao et al., 2009; 58 Mahajan and Gattani, 2009). Although these systems have shown some promise as vehicles for 59 nasal delivery, there are issues such as erosion and rapid clearance by microvilli. These issues 60 could potentially overcome by using fluid gels. 61 Fluid gels can be formed by applying shear force to a biopolymer during a sol-gel transition, 62 the end product is gelled particles suspended in un-gelled polymer solution. These fluid gels can 63 be formulated so the bulk material acts as a pourable viscoelastic fluid whilst retaining a cross- 81 Gellan solutions were prepared by adding precise amounts of high and low acyl gellan gum 82 to produce a 0.25% w/w final polymer concentration to deionised water at 85°C containing 2 83 mg/mL caffeine. This was allowed to quiescently cool to room temperature prior to use. 84 To prepare the fluid gels, sodium chloride (0.1% 0.5% and 1% w/w) was added to the hot 85 caffeine-loaded gellan solutions, as crosslinking cations (as described above) then loaded on to a 86 Bohlin Gemini Nano HR rheometer and allowed to cool at 2 °C min −1 to 20 °C whilst being 87 sheared at a shear rate of 500 s −1 using a 55 mm cone and plate geometry. Once cooled, the fluid 88 gels were recovered and stored at room temperature prior to use. 97 Stress sweep rheological studies were used to determine yield stress of different gel 98 formulations to predict the stress required to initiate flow. The stress was gradually increased 99 from 0.1 Pa to 100 Pa at 10 rad s -1 angular frequency. All measurements were taken at 20 °C. concentrations. There was a general trend that showed HA decreased in viscosity with an 144 increase in ion concentration whereas the viscosity of LA increased with increasing ion 145 concentration. As shown in Figure 3A , in the absence of added ions, the HA and the blend 146 showed an increase in viscosity beginning at approximately 65°C which corresponded with the 147 onset of ordering of HA, whereas no clear viscosity increase was detected for LA gellan. When 148 increasing concentrations of NaCl were added (0.1%, 0.5% and 1% w/w), the temperature at the 149 onset of viscosity increase in HA and the blend shifted to increasingly higher temperatures. 150 Moreover, the LA gellan also showed an increase in viscosity and temperature of onset when 151 NaCl was added, which would be expected with increasing NaCl concentration (Fig 3B-D) . Figure 4B shows the viscosity of the HA, LA and 50:50 blend fluid gel 166 formulations with 0.5% NaCl and the comparative uncross-linked solutions at 500 s -1 . The HA 167 fluid gel sample with 0.5% NaCl exhibited a viscosity profile that was most similar to the 50:50 168 blend fluid gel and 50:50 without NaCl. For this reason, 0.5% NaCl was used to prepare the fluid 169 gels in all further experiments. The effect of 0.5% NaCl on the rheological properties of the fluid 170 gels was further investigated using small deformation rheological measurements. Figure 5 shows 171 LA and the blended fluid gel produced at 0.25% w/w gellan and 0.5% w/w NaCl generally exhibit greater G' (~10 Pa compared with un-crosslinked gel ranging from ~0.1 and 1 Pa for LA 173 and blend respectively). The HA however exhibits almost same profile in both fluid gel and HA 174 without NaCl having a G′ of ~10 Pa. Furthermore, G′ was slightly greater than G′′ across the 175 range of frequencies measured which indicates typical 'weak gel' rheological behavior. To 176 evaluate sprayability through the nasal spray device, stress sweep rheological measurements 177 were performed to determine the yield stress. Figure 6 shows the effect of adding NaCl on yield Gellan gum fluid gel formulations exhibit typical weak gel properties with G′ slightly higher than 233 G′′ (figure 5), furthermore the G′ and G′′ for samples with NaCl have greater values. This has 234 previously been demonstrated by Huang et al., (2003) and Huang et al., (2004) . This weak gel 235 rheological behavior causes these formulations to be more stable at low shear rates with 236 sufficient viscosity to allow the samples to be inverted without any steady state flow as a result 237 of particle-particle interactions (Garrec et al., 2013) . Nasal spray formulations with relatively 238 high values of zero shear viscosity that rapidly shear thin to enable dispensing would be greatly 239 beneficial by suspending the drug more effectively on the shelf while not impacting the ease of 240 administration. Furthermore, stress sweep measurements were used to determine the yield stress 241 and to gain an understanding of the strength of particle-particle interactions. The HA with no 242 ions has a higher yield stress value compared with the 50:50 HA/LA blend ( figure 6B ) and for 243 this reason this HA gellan was poorly dispensed from the nasal spray, whereas the 50:50 blend 244 could be dispensed without any problems. This is thought to be due to the greater elasticity and viscosity of HA promoting physical 250 interations with mucins on the surface of the mucosa (Mao et al., 2000) . Most of the HA (80%) 251 formulation remained on the mucosal membrane for over 1 h when applied in the un crosslinked 252 form compared with LA gellan which was 100% detached from the membrane in less than 10 253 min. This is thought to be due to the strong in situ gelation of LA on contact with the ions on the 254 mucosal surface. LA favours self-association rather than interactions with the mucins in the 255 mucosal membrane. In addition LA gellan is prone to syneresis which could also contribute to 256 the poor adhesion to the mucosal surface. HA gellan therefore appeared to be an excellent 257 candidate for retaining the formulation at the site of action, however, the relatively high viscosity 258 (figure 3B), elasticity and yield stress (figure 6B) hindered the administration from the nasal 259 spray device. By formulating the HA gellan as a fluid gel (containing 0.5% NaCl) the viscosity 260 and yield stress were reduced to a level similar to LA gellan fluid gel (containing 0.5% NaCl) 261 ( figure 6A) , which is easily administered, while maintaining ~70% of the mucosal retention of In this study we have demonstrated that a mucoadhesive gelling nasal spray has the potential to 276 be formulated using gellan gum fluid gels with a viscosity sufficient to spray out from the device 277 and with elasticity great enough to adhere to the mucosal membrane. Furthermore, we have 278 shown that it is possible to modify the physical behavior of the formulation by modifying the 279 LA/HA ratio. Increasing HA gellan content in the fluid gel formulations increases the adherence 280 time on mucosal surfaces. This work highlights the potential of using HA gellan gum in nasal 281 spray formulations, providing a simple and effective technology to retain drugs at the site uptake. 
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